THE SPECTRA OF THE HEAVY ELEMENTS By Frank S. Tomkins and Mark Fred
This paper lists the most prominent spectrum lines of the elements from protactinium to americium. In most cases, the spectra were made available because of the necessity of conducting spectrochemical analyses on a number of samples for impurities.* Because of limitations of sample size, it was not feasible to perform the analyses with the aid of chemical or physical 1 separations, and so the spectrum of the major constituent was always present. It would be of considerable interest to provide descriptions of the spectra which would be adequate for term analyses leading to energy levels and electron configurations, not only for the spectroscopic interest but also for the assistance they might provide in the correlation of chemical properties of these elements. However, the amounts of labor and sample required for such descriptions are quite formidable, as is evidenced by the fact that the spectra of thorium and uranium are still incompletely analyzed in spite of their having been available in unlimited quantities for many years. To be adequate for a term analysis, the wavelengths must be measured to the third decimal place for as many lines as can be observed over the most extensive wavelength range accessible; Zeeman patterns must be provided; and a temperature or excitation varation must be provided in order to distinguish the various stages of ionization and low levels from high levels. On the other hand, for purposes of identification, it is sufficient to have measurements of the strongest lines of each element, accurate to the first decimal place, covering a representative wavelength region that is convenient for analysis. Since it will probably be some time before data of much value for term analyses are accumulated, the following information was collected for whatever usefulness it might have in spectrochemical analyses. However, it was found on closer examination of the assembled data that statistical considerations indicated that the analogy between the heavy elements and the rare earths was closer than had been anticipated, and in fact was sufficient to permit some conclusions to be made regarding electron configurations.
The spectra were taken on a Baird 3-meter spectrograph, which covers a range of llf-00 A in the first order. For comparison with the standard plates of the elements which had been prepared for analytical purposes, the samples were exposed in the region 265O-U05O A, corresponding to an angle of incidence of 3.3°. A second exposure was usually made at an angle of *The spectrum of plutonium was first photographed by Bollefson and Dodgen, of the university of California at Berkeley, who reported2 wavelengths and arbitrary intensities for about 125 lines, later extended3 to about 700 lines. l AECD-2I+78 incidence of 11.5°, covering the region 3700-^370 A in the second order, since this region is quite useful for the detection of many elements with complex spectra, such as the rare earths. The intensity distribution of the particular grating employed in the spectrograph is such that equal background intensities are obtained for the same exposures at the two angles of incidence, and consequently the intensities observed in the second order were divided by 2 to reduce all intensities to the first order scale. The wavelengths were measured by comparison with neighboring iron lines, using a 0.1-mm scale taken from a Bausch and Lomb measuring eyepiece, in an Applied Research Laboratory comparator-densitometer, which provided dual projection of spectra and scale on a ground glass screen, with a twentyfold magnification. The wavelengths should be accurate to better than 0.1 A.
The spectra were obtained by the copper spark method^" developed in this laboratory for such applications. This method has the advantage, in addition to high absolute sensitivity, of providing fairly, reproducible intensities. Hence a measure of the intensity of each line could be obtained conveniently by exposing successively diluted samples and determining the limiting amount of the element at which the line could be distinguished above the continuous background of the source. The limits were obtained by visual inspection and should be accurate to a factor of 2. The intensities were then expressed as one hundred times the reciprocal of the limiting weight in micrograms on the electrode, the factor being chosen to avoid fractional intensities. An essential advantage of this method of indicating intensities is the fact that all elements are described by the same intensity scafe.
The spectra of protactinium, neptunium, plutonium, and americium are given in Tables 1, 2 , 3> and k, respectively. The most sensitive and distinctive lines in the region covered, for the kind of excitation employed, are collected in Table 5 , which also includes lines of other heavy elements for comparison.
In the spectra of protactinium and neptunium, the existence of wide hyperfine structure was apparent even at the moderate dispersions employed (5.5 A/mm in the first order, 2.7 A/mm in the second order). One line of neptunium in particular, 3029=2, appeared to be very wide on a second order plate, and an exposure was made in the third order of the spectrograph with a 12.5-microgram sample, which resolved the first three lines of a flag pattern, with probably six components. This structure has since been confirmed!? by interferometric measurements with hollow cathode ex&itation, by means of which approximately fifty other neptunium lines were found which also had six components, indicating that the nuclear spin of Np 2 37 is 5/2. Hyperfine structure in protactinium has been known for some time.° In Tables 1 and 2 , the lines exhibiting unresolved hyperfine structure are designated by the symbols "W" or "W".
Comparison of the tables shows that all the elements through plutonium have spectra that are quite complex, containing many lines of low and comparatively uniform intensity, with little to distinguish each element except details of wavelength. By contrast,, the spectrum of americium is comparatively simple, containing few lines of much greater intensity than the other elements. To make this comparison more significant, a representative region of the spectrum was examined in detail for all of the elements and compared with rare earth elements. The region is defined by.two strong copper lines at ij-062.6 and 4275»1* respectively, and is shown in Figure 1 . The figure contains exposures of 10-microgram amounts of the individual rare earths and 100-microgram amounts of the heavy elements, with a copper blank, in between, exposed in the second order of the spectrograph. The ten-fold increase in sample size for the heavy elements corresponds to the intensity ratio of the strongest lines of the average rare earth and heavy element, but it is clear from-the complexity of the heavy element exposures shown in the figure that the latter contain many more weak lineso The much greater intensity of the strong europium and americium lines is difficult to reproduce in a figure of this sort. In order to make this comparison more evident, the lines in this region have been . tabulated by intensity groups for each element and are presented in Table  6 . (Some weak lines of intensity 10 included in Table 6 were omitted from Tables 1, 2, and 3") Ey dividing the total intensity listed for each element by the number of lines, an average line intensity for each element can be obtained. These average intensities are plotted in Figure 2 . The comparatively uniform averages shown for the first five members of each group and the much greater average intensity of europium and americium suggest that there is a close analogy between the two groups of elements.
The relatively simple spectrum of europium is due to the fact that it contains seven f electrons, which form half of a closed shell of f electrons. It is a characteristic of half-closed shells that, while they produce a great many terms in the energy level diagram, there is one term of maximum possible multiplicity and zero orbital angular momentum which is considerably lower in energy than all the other terms of the configuration, the separation being of the order of 15,000 or 20,000 cm"
1 . In the case of the configuration fT, the lowest term is 83-7/2° Because of the considerable energy difference between the lowest term and the other terms, the latter are practically never populated. Hence we may say that the situation in the ground state of the neutral europium atom, in which two s electrons are added to the f? core of Su III, is analogous, to the situation in neutral barium, in which two s electrons are added to the .xenon^likeooore of Ba III. The only differe3.ee for practical purposes is that in the former case, the parent term of the core is an octet instead of ^SQ .the increased multiplicity leading to a comparatively small increase in the number of terms of neutral and singly ionized europium, compared with barium. On the other hand, a configuration consisting of other than seven f electrons, as in samarium, produces terms that, while slightly less numerous, are much more closely spaced and well populated. Hence the spectra of these elements are roughly, equivalent to that of europium repeated a very large number of times. The effective number of such levels is not greatly different for different numbers of f electrons in the core, which explains the relatively constant line intensities of different rare earths. In the present case, the important distinction between the different rare earths is the fact that ir thetEu v lII core consists of only one term for practical purposes. These 'facts are illustrated in Figure 3j> which'compares the gross features of the energy level diagrams of barium and europium« On the "basis of these considerations, the simple spectrum of americium is strong evidence for the existence of the presence of seven f electrons» It may be noted that this finding is not in agreement with the prediction of W" F. Meggers,7 who assigned to the neutral americium atom the configuration 5f66d7s
2 . This prediction apparently was due in part to the fact that the neutral uranium atom has the configuration 5f36d7s 2 , !:u * instead of having four 5f electrons and no d electron, which one might expect by analogy with neodymium. Since we believe that the-normal state of Am I is 5f77s2, by analogy with europium, it is uncertain just where the correspondence between the two groups of rare earths breaks down between uranium and americium. It also seems probable from the rare earth analogy that the spectrum of curium will be complex and resemble that of gadolinium.
The fact that the americium spectrum is comparatively simple has led to the hope that it might be possible, with comparatively little effort, to achieve a successful term analysis by inspection, using as-a guide the Eu I and Eu II spectra, which have already been analyzed. Examination of the europium spectrum as excited in the copper spark source used in this study shows that practically all the lines observed belong to Eu II, which is, from the considerations enumerated above, almost alkali like. From the fairly close correspondence of the energies of the 6p and 5d electrons in: Eu II with those in Ba II, it was expected that the locations of these configurations in Am II could be judged from the corresponding configurations in Ra II, which would displace corresponding multiplets slightly toward the violet and increase the multiplet separations two-to the three-fold, compared to europium. Unfortunately, the similarity is not readily apparent.. It is not believed that this circumstance casts doubt on the interpretation: of the electron configurations of americium, but that it is probably due to the larger multiplet separations, which produce more overlapping. It is believed that a beginning on the term analysis of Am II can nevertheless be made without great difficulty, and to this end the description of the americium spectrum is being improved. 
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